The absorption, electrochemical and photophysical properties of series of covalently linked porphyrin dyads containing meso-tolylporphyrin as energy donor and meso-furylporphyrin as energy acceptor with different porphyrin cores are described. The absorption and electrochemical data suggest a weak interaction between the porphyrin sub-units. The steady state and time-resolved fluorescence measurements support an efficient energy transfer from meso-tolylporphyrin to meso-furylporphyrin.
Introduction
In recent times, several covalently linked porphyrin dyads with various constraints, such as changing the nature of the spacers, the distance and orientation of donor with respect to acceptor have been synthesized and their excited state properties have been explored to understand the intrinsic properties of reaction centre proteins and also their use in the construction of solar energy cells, molecular photonic wires and molecular optoelectronic gates [1, 2] . A common feature among the various porphyrin dyads reported in the literature is that they are symmetrical containing similar porphyrin cores (N 4 ). The energy transfer properties of such symmetrical dyads containing similar N 4 porphyrin cores have been studied by creating an energy gradient between the two porphyrin sub-units on insertion of metals such as Zn(II), Mg(II) [3] and Sn(IV) [4] in one porphyrin sub-unit and leaving the other porphyrin sub-unit in the free base form. On excitation, the energy from the metallated porphyrin which is at higher energy is transferred to the free base porphyrin which is at low energy. The other way to create the energy gradient in the dyad is to connect two different macrocycles. We and others have synthesized a series of unsymmetrical porphyrin dyads containing two different types of macrocycles such as porphyrin-phthalocyanine [5] , porphyrin-corrole [6] and porphyrin-hetero-atom substituted porphyrin [7] and studied their energy transfer properties. Recently, we synthesized a series of homo-and heteroporphyrin dyads containing meso-tolyl porphyrin and meso-furylporphyrin sub-units [8] . Our preliminary studies indicate that the meso-furylporphyrins have favourable energetics for electronic communication with meso-arylporphyrins. In this Letter, we report absorption, electrochemical, steady state and time-resolved fluorescence studies of seven porphyrin dyads (Chart 1) containing meso-tolylporphyrin and meso-furylporphyrin sub-units in free base form having same type of porphyrin cores (symmetrical) or two different types of porphyrin cores (unsymmetrical). The studies supported an efficient energy transfer from meso-tolylporphyrin sub-unit to meso-furylporphyrin sub-unit.
Experimental
The porphyrin dyads 1-6 used in the present study were synthesized as described in our earlier work [8] . Absorption, fluorescence, cyclic voltammetric (CV) and differential pulse voltammetric (DPV) studies were carried out as described in our earlier work [9] . The fluorescence quantum yields (/ f ) were estimated from the emission and absorption spectra by comparative method [10] .
The steady state fluorescence spectra were recorded on Perkin-Elmer LS-55 luminescence spectrometer. The fluorescence quantum yields (/ f ) were estimated from the emission and absorption spectra by comparative method [10] using the following equation:
where F(sample) and F(standard) are the integrated fluorescence intensities of the donor porphyrin (meso-tolylporphyrin) and the standard, respectively and A(sample) and A(standard) are the absorbances of the meso-tolylporphyrins and the standard, respectively at the excitation wavelength and / f (standard) represents the quantum yield of the standard sample. meso-Tetratolylporphyrin (H 2 TTP, / f = 0.11) was used as the standard for all quantum yield measurements. The time resolved fluorescence decay measurements [11] were carried out as described earlier. The rate of energy transfer (k ENT ) and the efficiency of energy transfer (/ ENT ) were calculated [12] from the measured lifetimes of the meso-tolylporphyrin sub-unit in dyads 1-6 (s DA ) and that of the corresponding standard meso-tolylporphyrins (s D ) using the following equations:
We applied Fö rster theory to understand the contributions of through space (TS) and through bond (TB) energy transfer to the overall rate of energy transfer [12] in the reported dyads. In the Fö rster theory of energy transfer, the rate is given by
where K 2 is the orientation factor, / f is the fluorescence quantum yield of the donor in the absence of acceptor, J (in cm 6 mmol À1 ) is the spectral overlap integral, n is the solvent refractive index (1.49 for toluene), s D is the donor lifetime in the absence of acceptor and R is the center-tocenter distance of donor-acceptor in Å . The overlap integral J is calculated by utilizing the emission spectrum of meso-tolylporphyrin and absorption spectrum of mesofurylporphyrin using equation
where F D (m) is the fluorescence intensity of the meso-tolylporphyrin in wavenumber units with total intensity normalized to unity, e(m) is the absorbance coefficient of the meso-furylporphyrin and m is the wavenumber in cm À1 . The spectral shifts of dyads were negligible compared to their corresponding monomers hence the monomers spectra were used for the calculation of J. The center-to-center distance of donor-acceptor was taken as 20 Å based on MM + force field calculations and 1.125 was used for K 2 . The relative contributions of TS (v TS ) and TB (v TB ) energy transfer to overall rate were calculated using the following equations [12] :
Results and discussion
The absorption spectra of homo porphyrin dyads N 4 -N 4 (1) , N 3 S-N 3 S (2) and N 2 S 2 -N 2 S 2 (3) and hetero porphyrin dyads N 4 -N 3 S (4), N 4 -N 2 S 2 (5), ZnN 4 -N 2 S 2 (Zn5) and N 3 S-N 2 S 2 (6) (Chart 1) containing meso-tolylporphyrin and meso-furylporphyrin sub-units were recorded in toluene at room temperature and data are presented in Table 1 . The homo dyads 1-3 exhibited five Qbands and one broad Soret band showing the features of both porphyrin sub-units with negligible shifts in peak maxima as compared to 1:1 mixture of their corresponding monomers. Similarly, the absorption spectra of hetero dyads 4, 5, Zn5 and 6 showed split Soret band and five Q-bands with spectral features identical to that of 1:1 mixture of corresponding monomers. Thus, the absorption spectral studies support a weak interaction between the porphyrin sub-units in dyads 1-6. These observations are in agreement with the previous studies on similar type of diphenylethyne bridged porphyrin arrays [7, 12] .
The redox chemistry of homo dyads 1-3 and hetero dyads 4-6 was followed by cyclic voltammetry at a scan rate of 50 mV/s and differential pulse voltammetry at a scan rate of 20 mV/s using tetrabutylammonium perchlorate as supporting electrolyte (0.1 M) in dichloromethane. A comparison of reduction waves of homo dyads 1-3 and hetero dyads 4-6 is shown in Fig. 1 presented in Table 2 . In general, the dyads 1-6 exhibited one or two oxidations and three reductions. The oxidations were found to be chemically irreversible and difficult to assign. However, the reductions were reversible or quasireversible (DE p = 60-120 mV) and they were in the expected range. For e.g., the homo dyad 1 containing meso-tolyl N 4 porphyrin and meso-furyl N 4 porphyrin showed three reductions at À1.15, À1.49 and À1.60 V. The first two reduction waves at À1.15 and À1.49 V were assigned to the first and second reductions of meso-furylporphyrin sub-unit on the basis of the fact that the meso-furylporphyrins are easier to reduce [9] relative to meso-tolylporphyrins. The third reduction at À1.60 V was assigned to meso-tolyl porphyrin sub-unit. Similarly, the electrochemical data for other dyads were assigned on the basis of electrochemical data of their corresponding monomers. Thus, the redox data suggest that the dyads 1-6 exhibited redox potentials in the same range as those of their corresponding monomeric [9] analogues indicating a weak electronic interaction between the two porphyrin sub-units. The steady state fluorescence of dyads 1-6 were recorded in toluene. Our earlier studies showed that on replacement of tolyl groups with furyl groups at meso-positions of porphyrins, the energy levels are altered and the meso-furylporphyrins absorbs at lower energy compared to meso-tolylporphyrins [8] . This indicates that there is a possibility of an energy transfer from meso-tolylporphyrin to meso-furylporphyrin in all these covalently linked dyads on selective excitation of meso-tolylporphyrin which can act as an energy donor. The fluorescence spectra of dyads 1-6 along with their corresponding 1:1 mixture of porphyrin monomers are shown in Fig. 2 and fluorescence data is presented in Table 3 . The N 4 -N 4 homo dyad 1 was excited at 415 nm where meso-tolyl N 4 porphyrin absorbs strongly, causes the emission from both the porphyrin sub-units. However, the quantum yield data (Table 3) suggest that the emission of meso-tolylporphyrin sub-unit in dyad 1 was quenched to 93% and the major emission from mesofuryl N 4 porphyrin sub-unit was observed. The 1:1 mixture of corresponding monomers of dyad 1 recorded at 415 nm showed emission exclusively from the meso-tolylporphyrin. The excitation spectrum of dyad 1 recorded at 750 nm was matched closely with its absorption spectrum. These results indicated that there is an efficient energy transfer from the meso-tolyl N 4 porphyrin sub-unit to meso-furyl N 4 porphyrin sub-unit in dyad 1. Similarly homo dyads 2 and 3 and hetero dyads 4-6 also showed an efficient energy transfer from meso-tolylporphyrin to meso-furylporphyrin. The comparison of emission spectra of hetero dyads 4-6 with their corresponding 1:1 mixture (Fig. 2) recorded at wavelength where meso-tolylporphyrin absorbs strongly indicate that the 1:1 mixture exhibit the emission mainly from meso-tolylporphyrin whereas the dyads 4-6 exhibits the emission predominantly from meso-furylporphyrin (Table  3) . Similarly, in dyad Zn5 which contains ZnN 4 meso-tolylporphyrin and N 2 S 2 meso-furylporphyrin sub-units upon excitation at 550 nm where the meso-tolyl ZnN 4 porphyrin sub-unit absorbs strongly, causes the emission of mesotolyl ZnN 4 porphyrin sub-unit to be quenched by 98% and the strong emission from the meso-furyl N 2 S 2 porphyrin sub-unit was observed. Thus, the steady state fluorescence studies supported an efficient energy transfer from meso-tolylporphyrin to meso-furylporphyrin in dyads 1-6. In these dyads, the diarylethyne bridge provides a good communication between the porphyrin sub-units and helps in transfer of energy from meso-tolylporphyrin to mesofurylporphyrin. Time-resolved emission studies also support the efficient energy transfer within dyads 1-6. The dyads 1-6 were excited at 406 nm and monitored at two different wavelengths corresponding to the emission peak maxima of donor meso-tolylporphyrin and acceptor meso-furylporphyrin. The fluorescence decays of dyads 1-6 monitored at emission peak maxima of meso-tolylporphyrin sub-unit were fitted to one or two exponential with a dominant contribution from shorter component (>90%). The other minor component of fluorescence decays observed in some dyads was attributed to the monomeric porphyrin impurity present in the dyads. The major short component decay observed for dyads 1-6 (Table 3 ) was attributed to the quenched lifetimes of donor meso-tolylporphyrin due to the singlet-singlet excitation energy transfer from the meso-tolylporphyrin to meso-furylporphyrin. The rate of energy transfer (k ENT ) and the efficiency of energy transfer (/ ENT ) calculated for dyads 1-6 indicate that the efficiencies (>90%) are almost same as that of reported dyads [12] but the energy transfer rates are found to be slower than the reported dyads. Furthermore, we evaluated through bond (TB) and through space (TS) contributions to the overall rate of energy transfer in terms of Fö rster theory and the data are summarized in Table 4 . An inspection of Table 4 reveals that the TB contribution accounts for greater than 90% of the observed rate as noted previously for similar kind of diarylethyne bridged dyad systems [12] . However, more studies are required to know the exact interaction between donor and acceptor [13] in these diphenylethyne bridged porphyrin dyads. In addition, the electron transfer quenching interaction may also be possible in these systems hence we evaluated the relationships of energy levels for dyads 3 and 5 using fluorescence and redox potential data. The singlet excited donor meso-tolylporphyrin state, singlet excited acceptor meso-furylporphyrin state and the charge transfer (CT) state for dyads 3 and 5 are shown in Fig. 3 . As demonstrated in Fig. 3 , the photoinduced electron transfer is not possible in these systems and the energy transfer is the predominant process responsible for quenching the emission of donor meso-tolylporphyrin in dyads 1-6.
Conclusion
In conclusion, we studied the singlet-singlet energy transfer properties of series of covalently linked porphyrin dyads containing meso-tolylporphyrin and meso-furylporphyrin sub-units connected via diphenylethyne bridges. All dyads showed an efficient energy transfer from meso-tolylporphyrin to meso-furylporphyrin with with an efficiency of >90%. The energy transfer occurs mainly by through bond mechanism. The studies also ruled out the possibility of any photoinduced electron transfer in these systems.
